The drilling of composite materials can produce, around the hole, defects and damages which decrease the mechanical resistance of the drilled workpiece. This study shows the influence of several tools (drill, mill and reamer) on the hole quality obtained, in the context of reference parts where surface integrity is a priority. An experimental study is suggested and the criteria used to assess the hole quality are defined. Results show the behavior of each type of cutting tool and their influence on the defects generated. Finally, this study helps creating a scale of recommended cutting conditions to reduce the tool wear and improve the hole quality.
Introduction
Composite materials carbon/epoxy are widely used in the aeronautical industry, as the T700-M21 and the T800-M21. They are mainly used on the primary and secondary structures as the wing box or the fuselage [1] . During the last stages to assemble the parts, drilling operations are necessary for bolts and rivets holes [2] . However, drilling composite materials can produce defects over the entry, the exit and the wall of the drilled hole. Those defects may then reduce the mechanical resistance of the workpiece [3, 4] . It can be explained by the anisotropy of the material, made of several plies with different orientations (0°, ±45°, 90°). It also depends on the tool geometry and cutting conditions that alter the cutting mechanisms [5, 6] . The impact of these specific defects on the mechanical behavior of the assembled pieces still is not well known. As a matter of fact, aeronautical structures are subject to high stresses and because of the need to insure security, design offices refuse the presence of any of those major defects, especially for standardized test pieces. Several works aims nowadays to understand the wear mechanisms and obtain workpiece free of any defect, which is difficult to obtain in the CFRP. Among the principal types of cutting tools, the drills may generate delamination, at the entry and the exit of the hole. When entering the hole, the thrust force produced may imply the appearance of a crack that the peeling force will expand in a specific direction perpendicular to the tool axis. The propagation of the crack by the peeling force create a delamination that can go beyond the hole diameter [5] . The helix angle peel off the first ply while the cutting edge holds the ply below until it was cut, separating the two of them [3, 7] . To sum up, the thrust force maintains the piece while the cutting face peels the first ply. All of contrary, at the exit hole, the thrust force create the delamination. While the uncut thickness decreases as the tool goes through the workpiece, the deformation resistance of the last plies decreases too. The thrust force becomes then more important than the bonding force between plies, hence causing delamination [4] . When a drill is used, cracks are initiated under the central part of the tool and may propagate under the cutting edge while the tool goes through. The last plies bend up under the thrust force and the delamination propagate beyond the hole diameter [7, 8] . Mills are often used to calibrate the final diameter of the hole after a pilot hole has been drilled [9, 10] . This method decreases the defects at the entry and exit of the hole. End mills are also used for drilling, the same way a drill is used. Reamers, used to calibrate the hole with a pilot hole, were the subject to only a few previous studies [9, 10] . The use of this kind of specific tools and the best choice of cutting conditions, when drilling, may reduce or nullify delamination [11] .
Whatever cutting conditions were chosen, several works [7, 12, 13] demonstrated that an increase of the feed rate and the cutting speed induce an increase of the defects in the hole. However, few studies aims at the characterization of the hole quality, which impacts the mechanical resistance, for a large range of cutting speed and feed rate. This paper suggest optimal cutting conditions for those three types of tools (drill, mill, reamer), for hole diameter of 4.8mm, 6.35mm and 12.7mm, and for workpiece thicknesses of 4mm and 8mm. Defects generated during drilling are quantified and analyzed according to the integrity criteria of the workpiece material.
Materials

Workpiece materials and machine used
The composite materials T700-M21 and T800-M21 are laminates reinforced with carbon fibres (T700 or T800) within a thermosetting resin made of epoxy M21. The tested workpiece dimensions are 175mm x 40mm and, of 4 or 8mm thick. The unidirectional plies are orientated as follows:
-[0°, 45°, 90°, -45°] 2,S (thickness 4 mm).
-[0°, 45°, 90°, -45°] 4,S (thickness 8 mm). The CNC machine used in this study is a vertical 5-axis milling center. The spindle has magnetic bearings and can reach a rotating speed of 40000 rpm. It is possible to measure the cutting forces during the operation by measuring the current consumed by the magnetic bearings with a precision below 5N. An in-depth study would be needed for more precision, but is not needed here. This indirect method only offers an estimation of the cutting forces, which is sufficient to compare delamination and tool wear.
Cutting tools
Eight different tungsten carbide-based tools ( Figure 1 ) are tested in this study. As discussed in the following papers [2, 5, 13] , it is the best compromise between cutting ability and tool wear. Actually, diamond-based tools are more efficient and achieve a better hole quality, however, because the first ones are cheaper, they offer a better solution to the companies and their subcontractors. As advised by the previous studies, experiments focus on the drills and mills that are supposed to be the most efficient and the most adapted tools for the drilling of carbon reinforced laminates. Reaming operation is necessary to obtain the hole quality requested by the engineering office. From an economical point of view, it would be best to drill a hole in one operation. A reaming operation is time-consuming, hence adding a cost. Manufacturers wish to avoid this operation but it is still mandatory for the hole quality. The tools tested (table 1) are plugged by heat shrinking in the spindle to offer optimal coaxiality (coaxiality misalignment below 5µm). 
Experimental procedures
A design of experiments has been used to study each tool. Two factors (cutting speed and feed rate) and five levels are studied. The workpieces are clamped on a plate of aluminum alloy to avoid disturbance due to poor positioning, with splinterguard previously machined. It limits the delamination of the last ply to the diameter of the splinterguard. This hole is a bit larger than the hole diameter to avoid the testing plate machining and the chips going through the hole leaving defects on the wall. 
Choice of the cutting conditions
The mathematical expression of the cutting speed for the experiments n+1 becomes:
This method allows to test the range of cutting speeds chosen [Vc min ; Vc max ], with a geometrical factor of 1.2 from the initial speed Vc 0. This speed is the one recommended by the tool manufacturer to machine carbon-based composites. By this mean, the firsts tests will be performed with speeds close to the one recommended when the next ones will be used to test larger speeds. The increment of feed rate between each level is constant and is calculated as (f max -f min )/5 to keep consistent values. 
Measured criteria
Several criteria have been used to characterize the hole quality of the workpiece. Measures using a camera USB 90x have also been done to quantify the defects at the entry and the exit of the hole:
-The surface of the defect, called S max , on Figure 3 In this study, two criteria were used to define the maximal acceptable defect: -The criterion "zero defect" :
• For a roughing operation, this criterion means that the size of the defects (Ø max ) is smaller than the hole diameter to be drilled in the finishing operation (Ø finishing ), • In the case of a finishing operation, this criterion means Ø max ≤ (Ø finishing + x), with x equal to 0.2 mm for the diameter 4.8mm, and x equal to 0.3 mm for the drilled diameters 6.35 mm et 12.7 mm. x represents the defect acceptable and is chosen with the agreement of the industrial partner. -The criterion « Ø countersink » is used when the drilling or milling operation is followed by a countersinking operation. In this case, the acceptable diameter of the defect has to be lower than the countersink diameter. The surface roughness has been measured on a surface of the hole wall. Because the laminates are anisotropic, the measure by contact of the roughness is at the same time heavily depending on the trajectory of the pin and on the orientation of the ply [12] . To analyze the surface roughness obtained, several measures have been done on different generating lines of the wall. The conclusion is that the measures will be done on 45° sector, keeping the criterion of surface roughness Ra.
As the thrust force measured is function of the cutting conditions applied and have a consequence on the defects, it is possible to correlate the cutting conditions to the hole quality, by anticipating the forces. The measurement of the force shows three stages (figure 4): 1-The penetration of the tool in the workpiece implies an increase of the thrust force. If the increase is non-linear, it may suggest a delamination or a splintering at the hole entry. 2-Once the tool entirely entered the workpiece and until the tip goes through the last ply, the thrust force is considered constant. Tool wear may slightly increase the cutting forces in this zone but it is neglected as the tool drills on a few millimeters. The increase of the surface of contact between the wall and the tool at the margin edge is also neglected, because it has little influence on the thrust force. 3-The output of the tool tip is accompanied by a decrease in the thrust force with the same perturbations as in step 1. 
The mills
The first three mills (n°1, 4 and 7 on Figure 1 ) have been used for the drilling of holes while the last one (n°8) has been used for contouring in a finishing operation. When drilling, the splintering surface on the face of hole entry increases with the feed rate. In contrast, it did not depend much on the cutting speed. Both those cutting conditions did not affect the orientation of the defect. However, it is proven that the defect is maximum in the area of « compression + bending » of the fibers ( Figure 6 ). The greater the feed rate is, the more the tool pushes the material of the workpiece, increasing the thrust force. A relation of proportionality has been observed between the increase of the thrust force and the increase of the feed rate from previous study and on those results ( [7, 10] and Figure ) . It is particularly interesting to note the evolution of cutting forces with the evolution of the cutting speed, which demonstrates that the experimental approach used is necessary and that a study based on the inflection of the specific energy cutting does not guarantee sustainable results. The main criterion chosen is the size of the defect on the surface of entry or exit. The results can be used by companies, to choose the most efficient couple of cutting conditions. A few conclusions can be done. The drilling using the mill of diameter 6mm (tool 4) shows that, for any cutting speed under 500m/min, for the low feed rates of 0.015mm/rev or 0.045mm/rev, the drilled hole presented no detectable defect. However, with a greater feed rate faster than 0.075mm/rev, higher cutting speeds could cause the apparition of delamination greater than the acceptable size. This limit was the diameter of the contouring finishing operation, which is Ø6.35mm. If the criterion « Ø countersink » was chosen, those holes would be generally acceptable on a larger range of cutting speeds and feed rates. The Ø12mm mill (tool 7) generated defects at the entry for any cutting conditions. But those defects were small enough, below the contouring diameter (Ø12.7 mm) for feed rates under 0.06mm/rev. The range for feed rates that generate acceptable defects is then limited. However, the cutting speed can be multiplied by 5 (to 350m/min) without degrading furthermore the workpiece. Once more, the criterion « Ø countersink » allows a greater range of cutting conditions respecting the condition of size: all feed rates were acceptable. For the tool 1 (Ø4mm), the defects were always larger than the contouring diameter (Ø4.8 mm) but they were still under the countersinking size. The inacceptable size of the defects can be linked to the fact that this tool wears rapidly during the drillings. It may not be appropriate for the cutting of composites. The mill of diameter 6mm is also used for contouring (tool 8) on its profile with alternating tooth to obtain the diameter 12.7mm. Good results were obtained since the hole has no surface defect when the feed rate is still below 0.06mm/rev and for any cutting speed, or for any feed rate and a cutting speed under 100m/min. Finally, among the four mills studied, only the tool 1 is denied. The three other tools with alternating tooth seem particularly adapted. This confirms that the type of tool teeth is a main characteristic to look for when choosing a cutting tool for this kind of material. To sum up about all the drills tested, the cutting conditions recommended by the tool manufacturers are too high to ensure a hole quality respecting the chosen criteria. For the tool 2, the feed rate of 0.06mm/rev initially recommended has to be reduced to 0.01mm/rev to limit the damages (Figure ) . With this tool and this feed rate, only a cutting speed below 70m/min offers a size of defect under the threshold of the contouring diameter 4.8mm. The drill of diameter 12mm (tool 6), despite the reduction of the feed rate from 0.12mm/rev to 0.08mm/rev, does not produce any acceptable hole. This drill was then denied of the machining strategy and has been replaced by the mill of diameter 12mm It can be seen in any way that it is difficult to satisfy the criterion Ø max < Ø finishing . Although those drills are often used by the industry, this study shows that the mills with external tips (alternating tooth mill grain cutter, tools 4 and 7), when drilling or contouring, are more efficient and offers holes with a better quality. The geometry of those mills makes it easier to cut the fibers, and get a better surface roughness while reducing the thrust force created. Moreover, among the three types of tools, the mills may drill with the highest cutting speeds and feed rates without an increase of tool wear. Tool 2 (drill Ø4.5) wear can be directly correlated with the criterion Ø max (Figure 9 ). This type of results may tell that it is possible to pilot the tool life with the help of the quality hole obtained, as well as to monitor the thrust forces measured while drilling to determine the time when the tool has to be changed. The previous work of P. Rahmé [8] can corroborate those results. The model of the damages found on the laminates drilled is based on the hypothesis that the defect on surface appears when the thrust force reaches a critic value. This value is defined by the fracture toughness of the material in a mode I cracking. For instance, considering a helicoidal drill, the critical thrust force F A is: Figure compares the ration of the thrust force generated by each tool to the critical thrust force (Fi/ F A ) as a function of the ratio of the defect diameter to the tool diameter (s=c/a). A high ratio of forces, greater than 1, means the critical force has been exceeded while a great ratio of diameters means the defects is larger. This graph shows that alternating tooth mill (noted Saw drill on figure  10 ), which are the mills n° 4 and 7, are the most efficient when it comes to the defect encountered at the entry of the hole. It can be explained by the external repartition of the thrust force on the tool tips. When using a conventional drill, the thrust force is mainly generated by the central part of the tool, and can reach 50% of the total thrust force of the tool on the material. [8] . The influence of the central part of the tool on the thrust force can be explained by the cutting kinetics. Despite of the tool shape that lowers the ploughing effect at the center of the tool, the cutting speeds are low because of the rotating movement. The material of the workpiece is hence extruded rather than cut in this area. This implies the cracking initiations at the center when drilling with a conventional drill. The use of alternating tooth mill may be the solution to improve the drilling of composite materials without decreasing the hole quality. Furthermore, a comparative study also shows that the step drill is efficient concerning the size of defects on the surface of entry and exit. But this type of tool has not been tested in this study. 
The reamers (tools 3 and 5)
Unlike the drilling with mills or drills, the contouring operation creates a defect that does not depend on the feed rate ( Figure 4 ). The reason is the geometry of the reamer that creates a uniform repartition of the thrust force, which is also lower because the central part of the hole has already been drilled in a first operation. The results shows that, for any feed rate tested, the thrust force never exceeded the critical value [8] . However, instead of the feed rate, the defect on the surface at the entry depends on the cutting speed. All of the reamers that have a positive helix angle peel off the first ply with a peeling force generated during the cutting of the first ply [5, 7] . That explains the influence of the cutting speed on the value of the peeling force. For those reamers, the influence of the cutting conditions on the surface roughness has been analyzed because it is a finishing operation. The criterion used is the mean surface roughness Ra measured, as explained before, on several lines, despite this criterion not being adapted to describe the wall of the drilled hole [12] . The results never exceed 1 µm for the tested samples which have acceptable defects on the surfaces of entry and exit. The main defect to control is, as expected, the size of the peeling defect.
Conclusions
The aim of this study was to control the cutting conditions when drilling the carbon-based composite materials T700-M21 and T800-M21 for the aeronautical industry. The analysis suggests optimal cutting conditions for three types of tools (drill, mill, reamer), for thicknesses of the workpiece of 4 and 8 mm and for three diameters drilled of 4.8m, 6.35mm and 12.7mm. Contrary to metallic materials, it is difficult to define criteria to describe the surface quality of composites, especially when the diameter, the shape of the surface and the direction of the defect prevent from having a good visual appreciation. For the drills, a strong decrease of cutting conditions provided by the tool manufacturers is necessary for a satisfactory quality. Drills are the most efficient solution concerning the time needed to drill a hole with an acceptable quality and should be chosen for a time optimization. For reamers, there is little scope for optimizing the machining conditions provided by the tool manufacturer.
Concerning the helicoidal mill with three teeth, the first hole was acceptable with a new tool, but the tool wear is very important and defects would appear on the second hole drilled. The mills with alternating tooth profile give good results and allow the increase of the cutting speed and the feed rate without increasing the damages. When drilling composite materials, the mills with external tips have an excellent tool life compared to the other types which have a larger line contact with the wall (margin edge for the drill, cutting edges for the mills). Mills may be chosen to obtain the best quality before a finishing operation. The influence of tool wear was not supposed to be a part of this project. The paper only notes a linear tool-wear for some tools which can be related to cutting forces and size of defect. This could therefore be a way to establish a real-time control system. Tool wear mechanism differs for each type of tool. Reamers have little tool wear, and no consequence is visible on a few holes drilled. Drills have the most linear tool wear, after a first phase resembling running-in of metals. Mills may have catastrophic and rapid tool wear if the cutting conditions are not chosen carefully. Further study is needed about the importance and consequences of tool wear. In perspective, it would also be interesting to test the step drills which may be more efficient concerning the defects on the hole surface.
